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La cage aux fold: asymmetry in the crystal structure of
GroEL–GroES–(ADP)7
Celia J Harrison
The structure of the molecular chaperone GroEL from
Escherichia coli in complex with GroES and seven ADP
molecules has recently been reported to 3 Å resolution.
The structure illustrates how the cavity of GroEL is
converted from a hydrophobic environment, suitable for
binding unfolded polypeptides, to a much larger
hydrophilic environment suitable for refolding proteins.
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Molecular chaperones assist in de novo protein synthesis
and at times of cellular stress by sequestering partially or
fully unfolded proteins and helping them to refold. The
hsp70, hsp40, and the chaperonin families (hsp60 and
hsp10) were initially described as heat shock protein fami-
lies that are overexpressed transiently in response to heat
or other cellular stress. The term molecular chaperones
was applied later to indicate the broader usage of these
and other protein families that are constitutively
expressed to act as chaperones for protein folding. The
name chaperonins applies to those proteins that form rings
and provide a sequestered environment for folding a
protein. Excellent reviews of the function of the chaper-
onins have been recently published [1,2], and describe the
extensive body of work prior to the recent publication of
the GroEL–GroES–(ADP)7 crystal structure by Sigler and
coworkers [3], and the accompanying paper describing
biochemical studies by Horwich and coworkers [4].
The 57 kDa GroEL protein (L for large subunit) and the
10 kDa GroES (S for small subunit) each self-assemble
into sevenfold symmetric rings. Two rings of GroEL come
together to form the 14-subunit double toroid structure
described by cryo-electronmicroscopy (cryo-EM) recon-
structions [5] and by X-ray crystallography [6]. The
sevenfold symmetric ring of the GroES subunit has been
seen in two X-ray crystal structures [7,8], and in a complex
with GroEL visualized by electron microscopy [9,10]. A
mobile loop identified in the GroES X-ray structure and in
earlier NMR experiments [11] has been the focus of
GroEL–GroES interaction studies [12]. The protein
folding cycle initiated by GroEL is allosterically regulated
by the cooperative binding of ATP first to the cis ring, to
initiate substrate refolding and GroES binding, and then
to the trans ring to displace GroES and release the sub-
strate [4,13]. The X-ray structure of GroEL in the absence
of GroES revealed a cavity lined with hydrophobic
residues. Many of these residues have been implicated in
substrate binding, and also for the seemingly conflicting
task of directly binding GroES [12]. Crystallographic
studies of GroEL in the presence of the nucleotide analog
ATPγS [14] revealed the location of the 14 nucleotide-
binding sites, but the structural changes relative to the
nucleotide-free form of GroEL were relatively minor. In
addition, the structure did not agree with cryo-EM obser-
vations of the ATP-bound state, which showed large struc-
tural changes induced by nucleotide binding [10].
The literature of the chaperonin field has been rife with
controversies from the many unanswered questions posed
by GroEL and GroES. In 1996 the big question of whether
proteins fold inside or outside the cavity was resolved: the
proteins are definitely refolded inside GroEL–GroES [15,
16]. Many other questions, however, still remain. Is the
cavity formed in the GroEL–GroES superassembly simply
used for denaturing kinetically-trapped folding intermedi-
ates, or does it also play an active role in the refolding
process? What is the maximum size of a GroEL–GroES
substrate? How are the hydrophobic residues known to
bind peptides also responsible for GroES binding? How
many cycles of ATP hydrolysis are required for folding 
the average protein? Is the substrate retained or released
to the bulk solvent between cycles? Which proteins are 
the natural recipients of GroEL–GroES folding assistance?
While the new structure does not answer all these ques-
tions, it does answer some: the question of the cavity size,
how the peptide-binding residues also bind GroES, how
the change in the cavity environment could trigger protein
folding, and why two rings of GroEL are necessary.
The maximum size of substrate for GroEL–GroES is
~55 kDa [17]. The size of the cavity of GroEL alone,
however, seemed too small to accommodate a large,
unfolded protein. In the Sigler structure of GroEL–GroES–
(ADP)7 the substantial domain rearrangements double the
folding cavity to a size of 175 000 Å3. The authors report
that this size would nicely accommodate a molten globule
folding intermediate of a protein up to 70 kDa [3]. This
crystal structure is in agreement with low-resolution cryo-
EM reconstructions of GroEL–GroES complexes which
revealed that large domain motions that expanded the
cavity occurred in the presence of ATP and GroES [10].
The GroEL monomer is divided into three domains [5,6]:
the equatorial domains form the interface between the
two heptameric GroEL rings; the apical domains are at
the distal ends of the molecule; and the intermediate
domains lie between the equatorial and apical domains.
In the GroEL–GroES–(ADP)7 structure, the intermedi-
ate domains of GroEL have shifted moderately, the
apical domains have moved dramatically, and the equato-
rial domains have moved very little (Figure 1). The
intermediate domain moves as a rigid body about a hinge
region with a rotation of ~25° towards the nucleotide-
binding site which is located on the surface of the equa-
torial domain. The intermediate domain clamps down
upon the nucleotide and contributes various sidechains
to its stable binding. This observation completes the
picture of the nucleotide-binding pocket that was started
with the GroEL–ATPγS structure. The positions of the
nucleoside and the α- and β-phosphates are well defined,
but the position of the γ-phosphate cannot be inferred
from the GroEL–GroES–(ADP)7 structure, leaving a few
open questions about the ATP-bound state.
The apical domain movements in the GroEL–GroES–
(ADP)7 structure are almost unprecedented and the struc-
ture very quickly answered the questions as to how GroES
binds and how the cavity changes to induce protein
folding. To look down at the top of the GroEL ring, the
apical domains seem to have rolled over in a clockwise
fashion by a full 90°, and tilted upwards from the outer rim
by ~60° (Figure 1a). This movement, like the movement
of the intermediate domain, is also a rigid-body rotation
about a hinge region. This new GroEL conformation is the
active conformation for GroES binding. GroES itself
appears as it did in the E. coli apo structure of Deisenhofer
and coworkers [7], except the extended mobile loop that
was disordered in six of the seven monomers is now
visible, making many interactions with the apical domain.
With the addition of GroES to the GroEL rings, the bullet-
shaped structure is an impressive 140 Å in diameter by
184 Å in height (Figure 2). To bind GroES, the apical
domains of the cis ring have wrung themselves upwards,
expanding the walls of the GroEL cavity. The roof of the
cavity is supplied by GroES. Most importantly the rotation
of the apical domains causes hydrophobic, peptide-binding
residues that previously faced the cavity in the GroEL
structure to become buried. Cryo-EM studies showed that
the unfolded protein is not bound deep inside the cavity of
GroEL, but is instead held by the mouth of the cavity [18].
The hydrophobic, peptide-binding residues become
buried at the new apical domain interfaces, as well as at the
apical domain–GroES interface. Thus when the apical















Domain movements in GroEL. (a) Graphic representation of the
domain movements in the cis ring of one monomer of GroEL in the
GroEL–GroES–(ADP)7 complex. The apical domain (A) is shown in
red, the intermediate domain (I) in green, and the equatorial domain (E)
in blue. The nucleotide-binding site is represented by the small yellow
circle at the junction of the intermediate and equatorial domains. The
hinge regions about which the rigid-body rotations occur are indicated.
(b,c) Ribbon diagrams and space-filling models of
GroEL–GroES–(ADP)7. The ribbon diagram in (b) represents a GroEL
monomer from the cis ring, which has undergone large structural
movements relative to the GroEL monomer from the trans ring
depicted in (c) (naturally inverted). ADP is visible in the view of the cis
ring in yellow. (The figure was reproduced from [3] with permission.)
domains rotate to bind GroES, the cavity is enlarged and
converted from a hydrophobic, peptide-binding environ-
ment to a hydrophilic environment (Figure 3). The sub-
strate is caged in this hydrophilic environment at
essentially infinite dilution with respect to other unfolded
proteins, which favors productive folding [19].
The GroEL–GroES–(ADP)7 structure explains the need
for two rings of GroEL for the nucleotide cycle. In
GroEL–GroES–(ADP)7, shifts of some secondary struc-
ture elements in the equatorial domains that are associ-
ated with the nucleotide binding, as well as the equatorial
domain interactions within the ring, are essentially as seen
in the GroEL–ATPγS structure. The GroEL structure [6]
revealed how the intersubunit contacts between the equa-
torial domains across the equatorial plate are nearly exact
dyads; these interactions are nearly fully preserved in the
GroEL–GroES–(ADP), structure. Taking into account the
apparent requirement for preservation of the equatorial
interface, the cis ring is obligated to tighten up ~4° to bind
GroES, but the trans ring must open up by 2° to preserve
the equatorial interface (Figure 4). As a consequence, the
GroEL cylinder is transformed into a slight cone. The
loosening of the trans ring is presumably detrimental to
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Figure 2
A space-filling model of GroEL–GroES–(ADP)7
showing the dimensions of the asymmetric
complex. The cis ring is shown in green, the
trans ring in red, and GroES is in yellow.
(Figure reproduced from [3] with permission.)
Figure 3
Stereoview molecular surface representation
of the GroEL–GroES–(ADP)7 structure, in a
cut-a-way view to see into the cavities.
Hydrophobic surfaces are shown in yellow,
and hydrophilic surfaces in blue. The larger,
hydrophilic cavity of the cis ring with the
GroES roof contrasts greatly with the
hydrophobic cavity of the trans ring. (Figure
reproduced from [3] with permission.)
GroES binding because the apical domains can’t shift into
the right positions. After hydrolysis of ATP in the cis ring,
ATP binding in the trans ring initiates the same conforma-
tional changes seen in the cis ring, with the effect of jetti-
soning GroES, ADP, and the polypeptide substrate from
the enlarged, hydrophilic cavity [4]. Recent work suggests
that the polypeptide substrate can be retained by GroEL,
and is not necessarily released to the bulk solution before
it has reached a native or native-like conformation [17,20].
Several questions remain for structural biologists. What
does the ATP-bound structure look like in the presence
of GroES at atomic resolution? How exactly is nucleotide
binding and movement of the intermediate domain
coupled to the rise and rotation of the apical domains to
meet GroES? We look forward to many more struc-
tural and functional insights on GroEL–GroES-mediated
protein folding.
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Figure 4
Graphic representation summarizing the preservation of the equatorial
interfaces, nucleotide binding and GroES binding. The apical domain
movement and GroES binding obligate the cis ring to tighten up by 4°,
and the trans ring to open up by 2° to maintain the equatorial
interfaces. The labels and color scheme are as described in Figure 1;
GroES (S) is shown in pink. (Figure reproduced from [3] with
permission.)
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